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SUMMARY 

Two s ingle-s tage  turb ines  were experimentally inves t iga t ed  over a 
range of blade- t o  je t -speed r a t i o  i n  gaseous hydrogen and i n  gaseous 
n i t rogen  t o  determine t h e  v a l i d i t y  of using a i r  c r i t e r i a  i n  t h e  design 
of hydrogen tu rb ines .  Over t h e  range of blade- t o  je t -speed r a t i o  in-  
ves t iga ted ,  l i t t l e  d i f f e rence  i n  e f f ic iency  w a s  obtained when each t u r -  
b ine  w a s  operated i n  each of t he  f l u i d s .  A t  design po in t  t h e  t u r b i n e  
designed for a blade- t o  je t -speed r a t i o  of 0.191 had e f f i c i e n c i e s  of 
0.430 and 0.418 i n  hydrogen and nitrogen, r e spec t ive ly .  A t  design 
po in t ,  t h e  t u r b i n e  designed f o r  a blade- t o  je t -speed r a t i o  of 0 . 2 6 2  had 
an e f f i c i ency  of 0.547 i n  these  two f l u i d s .  The e f f i c i e n c i e s  of t h e  
tu rb ines  pred ic ted  t h e o r e t i c a l l y  using a i r  c r i t e r i a  were found t o  agree 
c lose ly  i n  leve l  with those  obtained experimentally.  This  i nd ica t e s  t h e  
v a l i d i t y  of  using c r i t e r i a  based on air  i n  t h e  design and performance 
p red ic t ion  of hydrogen tu rb ines .  

INTRODUCTION 

I n  t h e  f i e l d  of a u x i l i a r y  power turb ines  used on rockets  and space 
vehic les ,  one of the most important f ac to r s  t o  consider  i s  t h e  a b i l i t y  
of  t h e  t u r b i n e  t o  deliver high spec i f ic  work output ,  because of t h e  
premium placed on t h e  weight of  f u e l  required t o  be c a r r i e d  aboard. One 
method of  achieving t h i s  i s  t o  employ a high-energy f l u i d  such as hydro- 
gen t o  drive t h e  tu rb ine .  

While t h e r e  exis ts  a g r e a t  amount of  information t o  guide t h e  de- 
s i g n e r  of a tu rb ine  t o  be run i n  air ,  very l i t t l e  i s  ava i l ab le  f o r  t h e  
h--” ----- L..--L2. YuL-Ugen b u l - u l r t e .  Eowevey, if it can be shown t h z t  design c r i t e r i a  f o r  
a i r  tu rb ines  are appl icable  t o  hydrogen tu rb ines ,  then  t h e  backlog of  
previous information can be u t i l i z e d .  Therefore,  t o  explore t h i s  prob- 
lem, an experimental  i nves t iga t ion  involving two s ingle-s tage  tu rb ines  

q i t l e ,  Unclassif ied.  
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of  t h e  type s u i t a b l e  f o r  hydrogen appl ica t ions  w a s  undertaken. 
b ines  were designed f o r  r a t i o s  of blade speed t o  j e t  speed of 0 .191 and 
0.262, which a re  considered t o  be wi th in  t h e  range of cu r ren t  i n t e re s t .  
The two turb ines  were t e s t e d  i n  gaseous hydrogen and i n  gaseous n i t r o -  
gen. Nitrogen w a s  chosen because i t s  thermodynamic p rope r t i e s  are s i m -  
i l a r  t o  those  of a i r  and because of i t s  a v a i l a b i l i t y  with a s u f f i c i e n t l y  
low dewpoint. This r e p o r t  p re sen t s  t h e  r e s u l t s  of t h i s  i nves t iga t ion  
and includes a comparison with t h e o r e t i c a l  performance based upon a i r  
c r i t e r i a  and the  conventional Reynolds number exponent of -1/5. 

The t u r -  
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SYMBOLS 

annulus area, sq f t  

l o s s  coe f f i c i en t  (equal  t o  K(A/W) i n  re f .  3) 

pressure-surface d i f f u s i o n  parameter, D = 1 - P 

suct ion-surface d i f f u s i o n  parameter, Ds = 1 - 

wheel diameter, i n .  

g r a v i t a t i o n a l  constant ,  32 .17  f t / s e c 2  

s p e c i f i c  work output,  Btu/lb 

r o t a t i o n a l  speed, r p m  

absolute  pressure ,  l b / s q  f t  abs 

gas constant ,  f t - l b / ( l b )  ( O R )  

Reynolds number 

radius ,  i n .  

absolu te  temperature, OR 

D 

[%I 
(c)s, max. 
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mean-section blade speed, f t / s e c  

absolu te  gas ve loc i ty ,  f t / s e c  

i d e a l  gas ve loc i ty  corresponding t o  t o t a l -  t o  s t a t i c -p res su re  
r a t i o  across  turb ine  

r e l a t i v e  gas ve loc i ty ,  f t / s e c  

weight-flow r a t e ,  lb / sec  

absolu te  gas-flow angle measured from a x i a l  d i r e c t i o n ,  deg 

r e l a t i v e  gas-flow angle measured from a x i a l  d i r ec t ion ,  deg 

r a t i o  of s p e c i f i c  hea ts  

ad iaba t i c  e f f i c i ency  based on t o t a l -  t o  s t a t i c - p r e s s u r e  r a t i o  
across  turb ine  

r a t i o  of blade speed t o  j e t  speed, U/Vj 

s c l i d i t y ,  r a t i o  of Slade chord t o  spacing 

Subscr ipts  : 
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r. 
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c r  

i d  
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max 

min 

P 

S 

s l  

X 

0 

base o r  reference value 

condi t ions a t  Mach 1.0 

i d e a l  

mean sec t ion  

maximum 

minimum 

pressure sur face  

suc t ion  sur face  

NASA s tandard sea- leve l  conditions 

a x i a l  d i r e c t i o n  

s t a t i o n  a t  turb ine  i n l e t  
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2 s t a t i o n  a t  s t a t o r  o u t l e t ,  j u s t  upstream of  t r a i l i n g  edge 

3 free-s t ream s t a t i o n  between s t a t o r  and r o t o r  

1 

4 s t a t i o n  a t  r o t o r  i n l e t ,  j u s t  downstream of lead ing  edge 

5 s t a t i o n  at r o t o r  o u t l e t ,  j u s t  upstream of t r a i l i n g  edge 

6 free-s t ream s t a t i o n  a t  r o t o r  o u t l e t  

7 s t a t i o n  downstream of rotor i n  region of low v e l o c i t y  (see 
f i g .  4) 

M 
I co 

‘ 0  
W I  

Superscr ipt  : 

1 t o t a l  or s tagnat ion  s t a t e  

TURBINE DESIGN 

Design Charac te r i s t i c s  

The design c h a r a c t e r i s t i c s  s e l ec t ed  f o r  t h e  sub<ject t u rb ines ,  
he rea f t e r  r e f e r r e d  t o  as tu rb ines  A and B, are presented i n  t a b l e  I. 
From the  t a b l e  it i s  seen t h a t  t u rb ines  A and B have t h e  sane charac te r -  
i s t i c s  with respec t  t o  wheel s i z e ,  blade he ight ,  weight flow, and wheel 
speed. 
speed r a t i o  and work output .  

. 
They d i f f e r  i n  pressure  r a t i o  and the re fo re  i n  blade- t o  j e t -  

Turbine A w a s  t he  f i r s t - s t a g e  s t a t o r  and unshrouded f i r s t - s t a g e  
I n  t h i s  re ference  a design e f f i -  r o t o r  inves t iga ted  i n  reference 1. 

ciency (based on t o t a l -  t o  s t a t i c -p res su re  r a t i o )  of 0.51 w a s  used. 
This  e f f ic iency  w a s  obtained from boundary-layer c h a r a c t e r i s t i c s  using 
experimentally obtained boundary-layer parameters.  
c iency of  0.548 f o r  t u rb ine  B based on a t o t a l -  t o  s t a t i c - p r e s s u r e  r a t i o  
o f  1.705 was obtained by the  method of re ference  2, which u t i l i z e s  t h e  
ve loc i ty  diagrams and an empir ica l  l o s s  c o e f f i c i e n t .  A n  empir ical  l o s s  
coe f f i c i en t  
reference 2.  This empir ical  loss  c o e f f i c i e n t  w a s  ad jus t ed  f o r  t h e  d i f -  
f e r e n t  ve loc i ty  diagram and Reynolds number by t h e  fol lowing equation, 
which i s  from reference  2: 

A t h e o r e t i c a l  e f f i -  

cb w a s  obtained from the experimental  a i r  data given i n  

CONFIDENTIAL 
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The Reynolds number f o r  tu rb ine  B was computed using a nean of t h e  
aver.ag:e b iaiic-st&te C G C ~ ~ ~ ~ S E S  r ~ l ~ t L 7 : ~  x ~ e l ~ ~ i t . ;  ~t t h e  ? = l e t  z ~ f i  
o u t l e t  of t h e  s t a t o r  and r o t o r .  S t a t e  conditions representa t ive  of pro- 
posed t e s t  condi t ions were se l ec t ed  f o r  t h e  computation ( s e e  EXPERIMENTAL 
PROCEDURE). The hydrogen case,  which yielded t h e  lowest Reynolds number 
(156,650) was chosen f o r  use i n  t h e  preceding equation f o r  loss c o e f f i -  
c i e n t .  This coe f f i c i en t  w a s  t hen  used i n  equations (19) and (20) of ref-  
erence 3 t o  p r e d i c t  t h e  design eff ic iency.  

r. 

.' 

Velocity Diagrams 

Tne design ve loc i ty  diagrams f o r  turbines  A and B,  including a 
sketch of t h e  blading t o  ind ica te  s t a t i o n  nomenclature, are shown i n  
t a b l e  11. 
s t r u c t i o n  f o r  t u rb ine  A i s  presented i n  re fe rence  1. The design veloc- 
i t y  diagrams f o r  tu rb ine  B were constructed f o r  t h e  free-s t ream s t a t i o n s  
0,  3 ,  and 6 a t  t h e  mean blade radius  t o  m e e t  t h e  design c h a r a c t e r i s t i c s  
and t h e  following add i t iona l  assumptions: 

A d e t a i l e d  desc r ip t ion  of the design velocity-diagram con- 

(1) No r a d i a l  flow va r i a t ions  

(2) E q u a l  r o t o r  i i i let  and o u t l e t  r e l a t i v e  t a z g e n t i a l  v e l o c i t i e s  

( 3 )  A 1/3 and 2/3 s p l i t  i n  to ta l -pressure  l o s s  between t h e  s t a t o r  
and r o t o r ,  respec t ive ly  

From t a b l e  I1 it can be seen t h a t  design free-stream turn ing  i n  t h e  sta- 
t o r s  i s  80.0° and 79.9' f o r  t u rb ines  A and B, respec t ive ly ,  and design 
free-s t ream turn ing  i n  t h e  r o t o r s  is  152.0° and 147.8O, respec t ive ly .  
Also,  from t a b l e  11, it i s  seen t h a t  s t a t o r  A i s  choked and s t a t o r  B i s  
unchoked. 
whi r l ,  respec t ive ly .  

Turbines A and B were designed with 69.1' and 58.1° e x i t  

The v e l o c i t i e s  a t  s t a t i o n s  2, 4, and 5 f o r  t u rb ine  B were computed 
from t h e  adjacent  free-stream d iag ram.  
t h e  blade design and a r e  based on t h e  following assumptions: 

Tiese v e l o c i t i e s  were used i n  

(1) No change i n  t a n g e n t i a l  component of ve loc i ty  

( 2 )  Continuity,  no loss i n  t o t a l  pressure,  and t ra i l ing-edge  block- 
age of 23.7 percent for t h e  s t a t o r  and 10.4 percent  f o r  t h e  r o t o r .  

S t a t o r  Design 

The s t a t o r  design f o r  tu rb ine  A i s  presented i n  re ference  1. Tur- 
b ine  B w a s  designed t o  pass t h e  same weight flow. The blade p r o f i l e  and 
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number of baldes  f o r  t h e  two tu rb ines  are t h e  same, b u t  t h e  blades are 
or ien ted  with a free-s t ream s t a t o r  o u t l e t  angle  of 79.9O f o r  t u rb ine  B 

inch  f o r  tu rb ines  A and B, r e spec t ive ly .  It should be noted t h a t ,  s ince  
turb ine  B i s  unchoked, it requi red  a l a r g e r  t h r o a t  area, and thus  t h e  
s m a l l  d i f fe rences  i n  angle and t h r o a t  dimension between t h e  tu rb ines  are 
t h e  r e s u l t  of t h e  d i f f e r e n t  flow c o e f f i c i e n t s  t h a t  were assumed i n  t h e  
design. The flow c o e f f i c i e n t s  assumed were 0.911 and 0.955 f o r  t u rb ines  
A and B,  r e spec t ive ly .  Each s t a t o r  had 110 blades and a s o l i d i t y  (5 of 
1 .8 .  S ta to r  blade coordinates  are given i n  t a b l e  111. 

and 80.0' for t u rb ine  A. The t h r o a t  dimensions a r e  0.049 and 0.051 b- 

? 
a a 
w 

Rotor  Design 

The r o t o r  design f o r  t u rb ine  A i s  discussed i n  re ference  1. The 
r o t o r  blade p r o f i l e  f o r  turbine B w a s  obtained a t  t h e  mean rad ius  from 
considerat ion of v e l o c i t y  d i f f u s i o n  l i m i t s  on t h e  suc t ion  and pressure  
surfaces .  These l i m i t s  include a minimum suct ion-surface d i f f u s i o n  with 
a t o t a l  d i f fus ion  l imited t o  on t h e  order  of 0.5 ( r e f .  4 ) .  The v e l o c i t y  
d i s t r i b u t i o n  obtained i n  t h e  f i n a l  design is  presented i n  f i g u r e  1. It 
can be seen t h a t  t h e  b lade  was designed f o r  a minimum d i f f u s i o n  on t h e  
suc t ion  sur face  D,. The t o t a l  d i f fus ion  ( D t o t  = Ds + Dp)  w a s  computed 
t o  be 0.43.  The s o l i d i t y  of t h e  r o t o r  w a s  2.00. Since t h e  hub t o  t i p  
rad ius  r a t i o  i s  0.945, r a d i a l  flow va r i a t ions  were ignored. Rotor blade 
coordinates for both tu rb ines  a r e  given i n  t a b l e  I V ;  t h e  blade p r o f i l e s  
f o r  both tu rb ines  a r e  shown i n  f i g u r e  2; and photographs of  t h e  r o t o r s  
f o r  both tu rb ines  a r e  shown i n  f i g u r e  3. A t i p  c learance of  0.013 inch 
w a s  used f o r  both r o t o r s .  

L 

APPARATUS AND INSTRUMENTATION 

The apparatus used i n  t h e  inves t iga t ion  cons is ted  of t h e  housing 
i n  which tu rb ines  A and B were i n s t a l l e d ,  as we l l  as s u i t a b l e  p ip ing  
and controls  t o  provide uniform i n l e t  flow to t h e  t u r b i n e  and an exhaust 
t o  atmosphere. A dynamometer c rad led  wi th  a speed-reducing gearbox and 
connected t o  t h e  tu rb ine  w a s  used t o  absorb t h e  power. 
ske tch  o f  t h e  r i g  i s  presented i n  f i g u r e  4. 

A diagrammatic 

The torque imparted t o  t h e  dynamometer w a s  measured by a s t r a i n -  
gage load c e l l .  Turbine bear ing  and seal  l o s s e s  were obtained by motor- 
ing  t h e  tu rb ine  with t h e  r o t o r  removed. These losses were found t o  vary 
nonl inear ly  with speed and were added t o  measured s h a f t  power t o  ob ta in  
b lade  power. 

v -  

Weight flow w a s  measured by a c a l i b r a t e d  sharp-edged o r i f i c e  in-  a. 

s t a l l e d  according t o  ASm Power Tes t  Codes. Turbine speed w a s  measured 
by an e lec t ronic  tachometer i n  conjunction wi th  a magnetic pickup and a 
200-tooth sprocket  gear  mounted on t h e  dynamometer s h a f t .  

~ 

A l l  p ressures  
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were measured wi th  s t a t i c  t aps  connected t o  s t ra in-gage  pressurp t r n n s -  
ducers.  
and placed a t  both  t h e  hub and t i p  at s t a t ions  0, 
ings of t h e  manifolded t aps  a t  t h e  hub and t i p  w e r e  then  averaged a t  
each s t a t i o n  f o r  purposes of computation. 
accuracy, small-capacity t ransducers  were used t o  measure d i f f e r e n t i a l  
pressures  between measuring s t a t i o n s  , and a h igh ly  accura te  pressure 
t ransducer  w a s  t hen  s e l e c t e d  for t h e  reference pressure .  

-9 
Four s t a t i c  t a p s  or ien ted  900 apa r t  were manifolded toge ther  

3, and 6.  

I n  order  t o  ob ta in  rnaximiun 

The read- 

Temperature measurements a t  t h e  inlet  of t h e  tu rb ine  were measured 
with bare-wire sp ike  thermocouples. 
i n s t a l l e d  a t  s t a t i o n  7 ( see  f i g .  4) t o  minimize t h e  e f f e c t  of flow angle  
on t h e  ind ica t ed  e x i t  temperature.  
were recorded on magnetic t ape  with an automatic vol tage d i g i t i z e r  and 
processed i n  an e l ec t ron ic  computer. 

A sh ie lded  thermocouple rake w a s  

A l l  p ressure  and temperature data 

EXPERlMENTAL PROCEDURF, 

The experimental  i nves t iga t ion  w a s  conducted by operat ing tu rb ine  
A i n  n i t rogen  and i n  hydrogen a t  i n l e t  pressures  of  90  and 65 pounds p e r  
square inch absolute ,  respec t ive ly .  The pressure  l e v e l  a t  which each 
t u r b i n e  w a s  run w a s  s e l ec t ed  from considerat ion of  pressure  r a t i o ,  run- 
ning t i m e ,  torque l e v e l ,  and instrumentation l i m i t a t i o n s .  Out le t  pres-  
sure w a s  var ied  t o  g ive  pressure r a t i o s  of from 2.03 t o  3.58. Turbine 

work done i n  t h e  gas supply vessel, averaged approximately 380 F f o r  
n i t rogen  and 62' F f o r  hydrogen. 

d i n l e t  temperature,  although cons tan t ly  dropping because of t h e  flow 

Turbine B w a s  operated i n  ni t rogen and i n  hydrogen a t  i n l e t  pres- 
sures of 90 and 74 pounds per  square inch absolu te ,  respec t ive ly .  Out- 
l e t  pressure  w a s  var ied  t o  give pressure r a t i o s  o f  from 1.50 t o  3.74. 
Average t u r b i n e  inlet  temperature w a s  20° F for ni t rogen  and 70° F f o r  
hydrogen. With n i t rogen  as t h e  working f l u i d ,  t u rb ine  speed w a s  var ied 
from about 50 t o  150 percent  of design speed (approx. 5600 rpm) i n  in-  
crements of  200 t o  250 rpm. For hydrogen runs, t h e  tu rb ine  speed w a s  
var ied  from 15 t o  100 percent  of design speed (approx. 22,000 rpm) i n  
increments of 1000 rpm. 

CALCULATIONS 

.# The t u r b i n e  w a s  r a t e d  on t h e  bas i s  of  t h e  r a t i o  of i n l e t  t o t a l  
p ressure  t o  o u t l e t  s t a t i c  pressure.  The i n l e t  t o t a l  p ressure  pb w a s  .. c a l c u l a t e d  from weight flow, i n l e t  s t a t i c  pressure,  and i n l e t  t o t a l  t e m -  
pe ra tu re s  from t h e  following equation, which is from reference  2: 
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Actual t u rb ine  power w a s  based on product of r o t o r  speed and sum of 
s h a f t  and f r i c t i o n  torque.  Turbine e f f i c i ency  w a s  ca l cu la t ed  as t h e  
r a t i o  o f  a c t u a l  t u rb ine  power t o  i d e a l  power, which w a s  obtained from 
weight flow, i n l e t  t o t a l  temperature,  o v e r a l l  t u rb ine  t o t a l -  t o  s t a t i c -  
pressure r a t i o ,  and real  gas temperature-pressure-entropy d a t a  suppl ied 
i n  reference 5. 

RESULTS AND DISCUSSION 

Spec i f i c  Work 

The performance of t u rb ine  A i s  presented i n  f i g m e  5, where spe- 
c i f i c  work output Ah' i s  p l o t t e d  aga ins t  r o t a t i o n a l  speed N i n  each 
f l u i d  cor rec ted  t o  s tandard  temperature (518.70 R ) .  With tu rb ine  A op- 
e r a t i n g  i n  hydrogen a t  design speed (20,940 rpm) and design pressure  
r a t i o  (2.94), t h e  work output. i s  approximately 200 Bt i i  pe r  pound ( f i g .  
5 ( a ) ) .  
tu rb ine  A operat ing i n  n i t rogen  a t  design speed (5617 rpm) and design 
pressure r a t i o  (2 .94) ,  t h e  work outpu-t i s  approximately 1 4 . 1  Btu p e r  
pound by in t e rpo la t ion  ( f i g .  5 ( b ) ) .  
pu t  of 17.48 Btu pe r  pound. These results are comparable t o  those  pre- 
sen ted  i n  reference 1. 

This i s  below design work output  o f  240.71 Btu p e r  pound. With L 

This i s  a l s o  below design work out- 

The performance of t u rb ine  B i s  presented i n  f i g u r e  6. With tur- 
b ine  B operat ing i n  hydrogen a t  design speed (20,940 rpm) and design 
pressure r a t i o  ( 1 . 7 0 5 ) ,  t h e  work output i s  approximately 136 Btu pe r  
pound by i n t e r p o l a t i o n  ( f i g .  6 ( a ) ) .  This agrees w e l l  wi th  design work 
output of 1 3 7 . 7 3  Btu p e r  pound. With tu rb ine  B operat ing i n  n i t rogen  
at design speed (5617 rpm) and design pressure  r a t i o  ( 1 . 7 0 5 ) ,  t h e  work 
output i s  9 .94  B t u  p e r  pound ( f i g .  6 ( b ) ) ,  which also agrees  w e l l  wi th  
design work output of 9 .95 Btu pe r  pound. 

Ef f ic iency  and Blade- t o  Jet-Speed Ra t io  

The -var ia t ion  of s t a t i c  e f f i c i e n c y  with blade- t o  je t -speed r a t i o  .- 
jet-speed r a t i o  inves t iga ted ,  very l i t t l e  d i f f e rence  i n  e f f i c i e n c y  w a s  a .  

f o r  turbine A operat ing i n  hydrogen and i n  n i t rogen  a t  nominally design 
pressure r a t i o  i s  shown i n  f i g u r e  7 ( a ) .  

obtained when t h e  tu rb ine  w a s  operated i n  t h e  two f l u i d s .  Fur ther ,  a t  

Over t h e  range of blade- t o  
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design blade- t o  je t -speed r a t i o  (0.191)  t h e  s t a t i c  e f f i c i ency  i n  hydro- 
gen i s  0.430 and i n  ni t rogen it i s  0.418. Figure 7 jb )  shows t h e  v a r i a -  
t i o n  i n  s t a t i c  e f f i c i ency  with blade- t o  je t -speed r a t i o  f o r  t u rb ine  A 
opera t ing  a t  all pressure r a t i o s  ( see  f i g .  5) i n  hydrogen and i n  n i t r o -  
gen. Subs tan t i a l ly  t h e  same r e s u l t s  were obtained at a l l  pressure  ra- 
t i o s  as were obtained a t  design pressure r a t i o  only.  From f i g u r e  7 it 
is  seen t h a t ,  wi th in  experimental accuracy, no s i g n i f i c a n t  f l u i d  e f f e c t  
has been demonstrated. 

Figure 8(a) presents  t h e  va r i a t ion  of s t a t i c  e f f i c i ency  with blade- 
t o  je t -speed r a t i o  f o r  t u rb ine  B operating at nominally design pressure  
r a t i o  i n  both hydrogen and ni t rogen.  The complete lack of f l u i d  e f f e c t  
can be noted over t h e  range invest igated.  Fur ther ,  t h e  s t a t i c  e f f i -  
ciency i s  0.547 a t  design blade- t o  jet-speed r a t i o  of 0.262. Figure 
8(b)  presents  t h e  v a r i a t i o n  i n  s t a t i c  e f f i c i ency  with blade- t o  j e t -  
speed r a t i o  f o r  t u rb ine  B operat ing at  a l l  pressure  r a t i o s  ( s e e  f i g .  6) 
i n  hydrogen and ni t rogen.  Again, subs t an t i a l ly  t h e  same r e s u l t s  were 
obtained a t  a l l  pressure  r a t i o s  as were obtained a t  design pressure ra- 
t i o  only.  

Pres sure  D i s  tr i b  ut  ion 

The pressure d i s t r i b u t i o n  through turb ines  A and B is  presented i n  
f igu res  9(a)  and ( b ) ,  respec t ive ly .  Figure 9(a) shows t h a t ,  f o r  t u rb ine  
A a t  design o v e r a l l  p ressure  r a t i o ,  s t a t o r  e x i t  design s t a t i c  pressure 
w a s  no t  achieved. This i nd ica t e s  a small mismatch between t h e  r o t o r  and 
s t a t o r  t h r o a t  a reas ,  so  t h a t  design s t a t o r  e x i t  v e l o c i t y  diagram could 
not  be achieved at  design o v e r a l l  pressure r a t i o .  
t h a t ,  f o r  t u rb ine  B a t  near-design pressure r a t i o  (both below and above), 
t h e  s t a t o r  e x i t  s t a t i c  pressure i s  l e s s  than  t h a t  designed. This again 
i n d i c a t e s  a s m a l l  mismatch between s t a t o r  and r o t o r  a reas .  For t u rb ine  
B, however, t h e  mismatch i s  such t h a t  s l i g h t l y  higher  than design s t a t o r  
e x i t  ve loc i ty  w a s  obtained. 

Figure 9(b)  shows 

Weight-Flow Charac te r i s t ics  

From a s tudy of t h e  weight flow passed by both tu rb ines  operat ing 
nominally a t  design o v e r a l l  p ressure  r a t i o  and design speed, it w a s  
found t h a t  t h e  weight flow w a s  10.520.6 percent g r e a t e r  than  design f o r  
both hydrogen and n i t rogen .  
tu rb ine  A ind ica ted  t h a t  t h e  t h r o a t  area w a s  made 8.5 percent  t oo  l a rge .  
This ,  coupled with t h e  high s t a t o r  loss assumption, accounts f o r  t h e  ex- 
ces s ive  xeasured weight flow. The flow c o e f f i c i e n t  (defined as r a t i o  of 
actual. weight flow t o  i d e a l  weight f l o w )  w a s  0.922 f o r  hydrogen and 
0 . 9 2 8  f o r  n i t rogen .  

Measurement of t h e  s t a t o r  t h r o a t  a r ea  of 
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A check of t h e  t h r o a t  a r ea  of t u rb ine  B revealed t h a t  it w a s  made 

5 . 6  percent l a r g e r  than  designed f o r .  Since t h e  s t a t o r  of t h i s  t u rb ine  
was not  designed t o  choke, overexpansion of t h e  s t a t o r  as indica ted  by 
f i g u r e  9(b) w i l l  a l s o  r e s u l t  i n  a high weight flow. 
case,  using f i g u r e  9 ( b ) ,  t h e  overexpansion a t  design poin t  w a s  computed 
t o  r e s u l t  i n  a 4.4 percent  higher  flow, which again accounts f o r  t h e  ex- 
cess ive  measured flow. The flow c o e f f i c i e n t  f o r  t h e  s t a t o r  of t u rb ine  B 
was found t o  be 0 . 9 7 1  f o r  hydrogen and 0.963 f o r  n i t rogen .  The d i f f e r -  
ence i n  l e v e l  of flow c o e f f i c i e n t  between t h e  two tu rb ines  may be a t t r i b -  
u tab le  t o  t h e  d i f fe rence  i n  average flow v e l o c i t y  through t h e  nozzle 

t h e  flow c o e f f i c i e n t  d i d  not vary s i g n i f i c a n t l y  with t h e  d r iv ing  f l u i d  
used. 

.- 
For t h e  n i t rogen  

? 
CD 
CD w and experimental e r r o r .  The poin t  t o  be noted i s  t h a t  f o r  each tu rb ine  

Comparison of Experimental Resul ts  with Theory 

Theoret ical  e f f i c i e n c i e s  for t u rb ines  A and B were computed by the  
method out l ined  under TURBINE DESIGN. Br ie f ly ,  t h i s  method involves 
using a n  empir ical  loss  c o e f f i c i e n t  (obtained from a i r  t e s t i n g )  t h a t  i s  
adjusted f o r  Reynolds number t o  t h e  1 /5  power and for design v e l o c i t y  
diagram t o  ob ta in  a t h e o r e t i c a l  e f f i c i ency .  

For tu rb ine  A opera t ing  a t  nominal t es t  condi t ions i n  hydrogen and 
i n  ni t rogen a t  design pressure  r a t i o  and design speed, t h e  Reynolds num- 
b e r s  (based on blade he igh t )  were computed t o  be 190,020 and 532,860, 
respec t ive ly .  The Reynolds numbers were used t o  compute t h e o r e t i c a l  e f -  
f i c i e n c i e s ,  which were 0.441 and 0.462 f o r  hydrogen and ni t rogen,  re -  
spec t ive ly .  
0.418 for ni t rogen  agree wel l  with t h e  pred ic ted  l e v e l s .  

The experimental e f f i c i e n c i e s  of 0.430 f o r  hydrogen and 

For tu rb ine  B operat ing a t  nominal t e s t  condi t ions i n  hydrogen and 
i n  nitrogen a t  design pressure  r a t i o  and design speed, t h e  Reynolds num- 
be r s  were computed t o  be 156,650 and 405,608, r e spec t ive ly .  Correspond- 
ing  t h e o r e t i c a l  e f f i c i e n c i e s  of 0.548 and 0.572 were computed. 
perimentally obtained e f f i c i ency  of 0.547 for both f l u i d s  agrees wel l  
wi th  t h e  pred ic ted  l e v e l .  

The ex- 

The agreement i n  l e v e l  between t h e  t h e o r e t i c a l  and experimental  e f -  
f i c ienc ies  
t h e  design 
hydrogen. 

Two s 

shown here demonstrates t h e  v a l i d i t y  of using a i r  c r i t e r i a  i n  
and performance p red ic t ion  of t u rb ines  t o  be operated i n  

SUMMARY OF RESULTS 

ngle-stage tu rb ines  were experimentally inves t iga t ed  over a 
range of blade- t o  je t -speed r a t i o s  i n  gaseous hydrogen and i n  gaseous 

.- 
a .  
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1. Over t h e  range of blade- t o  jet-speed r a t i o  inves t iga ted ,  l i t t l e  
e f f e c t  on e f f i c i ency  w a s  obtained when each turb ine  w a s  operated i n  hy- 
drogen and i n  ni t rogen.  

2 .  A t  design point ,  t h e  tu rb ine  designed f o r  a blade- t o  je t -speed 
r a t i o  of 0.191 had e f f i c i enc ie s  of 0.430 and 0.418 i n  hydrogen and n i -  
t rogen,  respec t ive ly .  

3. A t  design poin t ,  t h e  tu rb ine  designed f o r  a blade-  t o  je t -speed 
r a t i o  of 0.262 had an e f f i c i ency  of 0.547 i n  both n i t rogen  and hydrogen. 

4. The e f f i c i e n c i e s  of t h e  turbines  pred ic ted  t h e o r e t i c a l l y  using 
a i r  c r i t e r i a  were found t o  agree closely i n  l e v e l  with those  obtained 
experimentally.  This i nd ica t e s  t h e  v a l i d i t y  of using c r i t e r i a  based on 
a i r  i n  t h e  design and performance predic t ion  of hydrogen tu rb ines .  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, A ’ q p s t  26, 1960 
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TABU I. - TURBINE DESIGN CNCTERISTICS AT STANDARD TEMPERA- 

TURE AND PFESSURF: (T,. = 518.7' R; pSl = 2116 lb/sq f t  abs )  
co w 

A B Turbine 

Blade- t o  je t -speed r a t i o ,  v 0.191 0.262 

Total-  t o  s t a t i c -p res su re  r a t i o ,  PA/pg 2.940 1.705 

S t a t i c  e f f ic iency ,  vs 0.510 0.548 

Idea l  hydrogen s p e c i f i c  work, Ahid, Btu/ lb  
Idea l  n i t rogen  s p e c i f i c  work, &id, Btu/ lb  

471.98 
34.29 

251.34 
18.13 

Hydrogen s p e c i f i c  work, A h ' ,  Btu/ lb  
Nitrogen s p e c i f i c  work, Ah' ,  Btu/ lb  

240. 71 
17.48 

137. 73 
9.94 

C 

Hydrogen weight flow, w, lb / sec  
Nitrogen weight flow, w, lb /sec 

0.1269 
.475 

0.1269 
.475 

0.241 Ratio of blade mean-section speed t o  c r i t i c a l  0.241 

Rota t iona l  speed i n  hydrogen, N, rpm 
Rotat ional  speed i n  ni t rogen,  N, rpm 

20,940 
5,617 

20,940 
5,617 

Mean wheel diameter, d,, in .  10.2 10.2 

Blade height ,  in .  0. 28'6 0.286 



d 
Q 

- 
N -  

0 0  

K ) d  

N -  

3 0  

3 m  
0 0  

N N  

d d  

- -  
3 0  
a 1 0  

C O N  
N r -  
N d  

d d  

m m  
r - d  
d r -  
A d  

C O r -  

0 0  
m m  

d d  

< m  

d 
n 

X I  2 
L5 

+ m  
m m  c - r -  

N O  
M m  
N d  
d d  

m a  
m m  
d d  

d r i  

r - m  
r - r -  

M 

t o m  
r- 

d N  

t o m  
m d  

d d  

r i d  
d d  

d d  

o m  m N  
r i r i  

m d  
m M  
o r -  
; I d  

o r -  
M M  

r - r -  

(D 
Q 

CD 

m 

- 
m 
In 
N 

d 
- 

m 
0 

m 
CD - 
r- 
d 
0 
d 
r- - 
Lo 
d 
N 

d 
- 
r- 
to 
(D 

d 
- 
d 
0 m 
d 
- 

0 
Lo 

m 
(D 

0 
N 
M 

- 

d 
- 
0 
M m 
d 
- 

4 

- 

13 

- 
d 
m 
N 

d 
- 
to 
0 

to m - 
d * 
0 
N r- - 
W 
m 
ri 

d 
- 
W 
m 
N 

d 
- 
to 
d 
m 
d 
- 
d 
dl 

e - 
M 
r- 
ri 

d 
- 
M 
N 
m 
d 
- 

m 

- 



14 

x, 
i n .  

0 
,050 
.lo0 
.150 
.ZOO 

,250 
.300 
.350 . 400 
.450 

.500 

.523 

TABLE 111. - STATOR BLADE COORDINATES 

ypt  ys t  
in.  in .  

0.040 0.040 
.001 .112 
.026 .129 
.044 .128 
.054 .115 

.056 .lo0 

.051 .085 

.042 .070 

.030 .054 

.018 ,038 

.004 .023 

.008 .008 

A x i s  of r o t a t i o n  

A 

B 

cp 

59'10 110 

59'05 110 

-. 
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TABLE IV. - ROTOR BLADE COORDINATES FOR MEAN SECTION 

/ I  I I r  
r - 0.005"' l e  - 

X, in. 

0.0000 
. 0100 
.0250 
.0500 
.0750 

.loo0 

.1250 

.1500 

.1750 

.zoo0 

.2250 

.2500 

.2750 

.3000 

.3250 

.3500 

.3750 

.4000 

.4250 

.4500 

.4750 

.5000 
,5250 
.5500 
.5715 

.5750 

.5765 

.5818 

.5836 

Turbine A 
cp = 8'20'; 110 blades) 

Yp, in. 

0.0050 . 0000 
.0465 
.0944 
.1276 

.1531 

.1727 - 1882 

.ZOO3 

.2095 

.2158 

.2194 

.2209 
,2196 
.2161 

.2105 

. 2022  

.1910 

.1769 

.1596 

.1378 

.1114 

.0782 

.0357 . 0000 
------ 
.0050 _----- 

------ 

r 

Ys, in. 

0.0050 
.0665 
-2444 
.3180 
.3577 

.3844 

.4037 

.4176 

.4276 

.4338 

.4368 

.4362 

.4321 

.4246 

.4137 

.3990 
,3796 
.3530 
.3162 
,2685 

t 
Straight  

l i ne  

I 
.0050 

------ 
_----- 

A x i s  of ro ta t ion  
e- - 

\rte = 0.005'' 

Turbine B 
cp = 5'10' ; 110 blades 

Yp, in. 

0.0050 
.0524 
.1225 
.2407 
.3396 

.3895 

.4210 

.4416 
,4552 
.4634 

.4673 

.4675 

.4639 

.4567 

.4457 

.4298 

.4086 

.3817 

.3467 

.3005 

2467 
.1904 
,1348 
.0797 

------ 

.0244 
_----- 
------ 
.0050 

Ys, in. 

0.0050 
.0052 
.0544 
.1440 
.1a18 

.2089 

.2285 

.2440 

.2550 

.2631 

.2676 

.2701 

.2705 
,2683 
.2636 

.2562 

.2457 

.2325 

.2165 

.1951 

1710 
.1419 
,1038 
.0544 ------ 

.0009 
------ 
------ 
.0050 
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. 6  

. 4  

Turbine A 

0 .2  . 4  . 6  
Axial d is tance  from leading edge, in.  

Figure 1. - Rotor channel v e l o c i t y  d i s -  
t r i b u t i o n  through tu rb ine  B. 

e- 

.* 

/CD-6994/ .. 
Turbine B 

Figure 2 .  - Sketch of turbine blading. 
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(a) Turbine A. 

Figure 3. - Photographs of ro tors .  
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(a) Opcrating i n  hydrogen. 

Tota l -  t o  s t a t i c -  
pressure r a t i o  

0 2.03 

h 2 .76  
0 3.03 
a 3.50 
0 3.58 

I I I I 
12x103 0 2 4 6 8 10 Y 

Rotat ional  speed, N 

( b )  Operating in nitrogen. 

Figure 5. - Experimentally obtained performance of tu rb ine  A. U 

.. 
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(a )  Operating i n  hydrogen. 
20 

pressure r a t i o  

16 
V 1.705 
a 1.76 

12 

8 

4 

Rotat ional  speed, N 

( b )  Operating in  nitrogen. 

Figure 6. - Experimentally obtained performance of turbine B. 
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+- 
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I 

- 0 Operating i n  hydrogen - 
0 Operating in nitrogen 

0 .1 .2 . 3  
Blade- t o  jet-speed r a t i o ,  v 

( a )  Nominal design pressure ra t io .  ( b )  A l l  pressure ra t ios .  

Figure 7. - Experimentally obtained var ia t ion  of e f f ic iency  with blade- t o  j e t -  
speed r a t i o  f o r  turbine A operating i n  hydrogen and i n  nitrogen. 
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